These studies have been carried out using various extractants, such as β-diketones, 2-5 dithiocarbamates, 6, 7 8-quinolinols, [8] [9] [10] phosphates, [11] [12] [13] and crown ethers. 14 In particular, the β-diketones are often used because they can form the stable complexes with various metal ions. In the SC-CO2 extraction, pure CO2 may not have enough ability to extract the metal complexes of interest from the matrix. To overcome this problem, researchers have used CO2 modified with organic solvents. [15] [16] [17] [18] There are some detailed studies on the interaction of the metal complex with the modifier in SC-CO2. 19, 20 However, the interaction of metal complex with the modifier in SC-CO2 is poorly understood, because this subject is relatively new. For this reason, it is important to accumulate fundamental investigations on the interaction of the metal complex with the modifier in SC-CO2.
In a recent study, we found that 2,2,2-trifluoroethanol (TFE) drastically enhanced the solubility of tris(pentane-2,4-dionato)chromium(III) (Cr(acac)3) in SC-CO2, much more than methanol and ethanol which have generally been used as modifiers. 21 Our IR measurements suggested that the remarkable solubility enhancement effect of TFE could be ascribed to the formation of an association complexes of Cr(acac)3 with TFE through hydrogen bonding in SC-CO2. The association constants of Cr(acac)3 with TFE in SC-CO2 at various pressures and temperatures were also determined based on the solubility-equilibrium analysis. If a modifier having a larger hydrogen-bond ability than TFE is used, a further solubility enhancement will be expected.
In this study, we used 1,1,1,3,3,3-hexafluoro-2-propanol (HFP) and 3,5-bis(trifluoromethyl)phenol (BTMP) as modifiers and investigated the effect of these modifiers on the solubility of Cr(acac)3 in SC-CO2 by UV/VIS spectrophotometry. The association constants of Cr(acac)3 with HFP and BTMP in SC-CO2 at various pressures were also determined by a solubilityequilibrium analysis.
Experimental
Cr(acac)3 was purchased from Dojindo Lab. (Kumamoto, Japan) and was recrystallized from a benzene and hexane mixture. HFP (99%, Central Glass) and BTMP (> 95%, Tokyo Kasei) were used as purchased. Liquid CO2 (99.99%) was purchased from Nippon Sanso Co. Ltd.
The apparatus and procedure for measuring the solubility of Cr(acac)3 in SC-CO2 were the same as those reported previously. 21 Briefly, a large excess of Cr(acac)3 and a known amount of modifier were loaded into a stainless-steel cell installed in a UV/VIS spectrophotometer (Jasco, V-550), then CO2 compressed by a syringe pump was introduced into the cell, and the mixture was stirred with a magnetic stirrer for 60 min. After standing for 5 min, the absorption spectrum of Cr(acac)3 dissolved in SC-CO2 was measured. The inner volume is 2.35 cm 3 and the optical path length of the cell is 11 mm, respectively. The temperature of the cell was kept constant at 318 K using a water-jacket-type thermostat with a water circulator. The CO2 pressure was changed from 10.1 to 20.3 MPa. Figure 1 shows the plots of the solubility, S (g dm -3 ), in SC-CO2 against the concentration of the modifier (ROH) at 10.1 and 20.3 MPa. The solubility of Cr(acac)3 in modified SC-CO2 was obtained from the absorbance at 562 nm using molar absorptivity (ε562 = 66 dm 3 mol -1 cm -1 ) in pure SC-CO2, since the ε562 values are very close for various media. 21 The solubilities of Cr(acac)3 in pure SC-CO2 at 10.1 and 20.3 MPa were obtained as 3.9 × 10 -4 and 2.4 × 10 -3 mol dm -3 , respectively. The data of methanol, ethanol, and TFE were obtained from the literature. 21 The solubility increased with increasing the concentration of ROH in both pressure systems. HFP and BTMP demonstrated much larger solubility enhancement of Cr(acac)3 than TFE. As mentioned above, the solubility enhancement of Cr(acac)3 upon the addition of ROH is mainly ascribed to the formation of association complexes between Cr(acac)3 and ROH in SC-CO2 through hydrogen bonding. The values of the acid dissociation constant of HFP and BTMP in the aqueous solution at 298 K are 10 -9.3 and 10 -7.6 , respectively. 22, 23 These values are larger than that (10 -12.4 ) of TFE, that is, the hydrogen-bond abilities of HFP and BTMP to form the association complex are larger than that of TFE. The solubility of Cr(acac)3 in modified SC-CO2 at 20.3 MPa became larger compared to 10.1 MPa. However, the solubility enhancement effect of ROH was larger at 10.1 MPa compared to that at 20.3 MPa.
Results and Discussion

Solubility of Cr(acac)3 in SC-CO2 containing an organic modifier
Determination of association constants between Cr(acac)3 and ROH
The association constants of Cr(acac)3 with ROH in SC-CO2 were determined by a solubility-equilibrium analysis. When Cr(acac)3 associates with ROH in SC-CO2, the apparent solubility of Cr(acac)3 in the presence of ROH can be expressed as
where βn stands for the association constant in SC-CO2 corresponding to the following equilibrium:
The concentration of free Cr(acac)3 should always be constant due to an excess of Cr(acac)3 existing in the cell. From Eqs. (1) and (3), the following equation can be derived:
where S0 is the solubility of Cr(acac)3 in pure SC-CO2. A term of S/S0 shows the solubility enhancement of Cr(acac)3 upon the addition of ROH. According to Eq. (4), the slope of the plot of log(S/S0) vs. log[ROH] is equal to the mean number of ROH molecules with one molecule of Cr(acac)3 in SC-CO2. Figure 2 shows plots of log(S/S0) vs. log[ROH] at 318 K. In the case of HFP, the slope of the plots became larger than unity at the high concentrations of HFP. This result means that the maximum association number of HFP is two under the experimental condition. From the plots given in Fig. 2 , the association constants, β1 and β2, were calculated by a nonlinear least-squares method based on Eq. (4) and the values obtained are listed in Table 1 . In the case of BTMP, the S measurement was only possible for a limited concentration range of BTMP, because the absorbance of Cr(acac)3 was too high to measure correctly at the high concentration of BTMP. The plots for BTMP show a slope of unity in the experimental concentration region. One of the present authors demonstrated that Cr(acac)3 could associate with two molecules of chlorinated phenols. 24 Therefore, the association complex, Cr(acac)3·2BTMP, might be formed in SC-CO2 at the higher concentration of BTMP, although the formation of this complex was not confirmed in the present study. The β1 values of BTMP were calculated by Eq. (4) and are listed in Table 1 . The larger values of the association constants were obtained under the lower pressure condition in both HFP and BTMP cases, implying that Cr(acac)3 tends to associate with ROH molecules in SC-CO2 at the lower pressures. This result is ascribed to the increase in the mole fraction of ROH, because the decrease with the pressure associates with the decrease with the CO2 density.
ANALYTICAL SCIENCES NOVEMBER 2006, VOL. 22 If the association is caused by hydrogen bonding, the association constant is expected to correlate with the acid dissociation constant of the modifiers. Figure 3 shows the correlation between the association constant (β1) in SC-CO2 at 20.3 MPa and 318 K and the acid dissociation constant (Ka) of modifiers. The logarithmic value of β1 linearly decreases with an increase in the pKa value of the modifier. This linear relationship indicates that the association of Cr(acac)3 with the modifiers in SC-CO2 may be due to hydrogen bonding of the hydroxyl hydrogen atoms of the modifiers to Cr(acac)3. In addition, the relationship reconfirms that the solubility enhancement of Cr(acac)3 upon the addition of the modifiers of hydrogen-bond donor can mainly be ascribed to the formation of the association complexes through hydrogen bonding.
Conclusions
In this study, we found a great enhancement of the solubility of Cr(acac)3 in SC-CO2 upon the addition of HFP and BTMP. This solubility enhancement should be mainly ascribed to the solute-solute interactions between Cr(acac)3 and the modifier molecules in SC-CO2 through hydrogen bonding. The compositions of the association complexes formed in SC-CO2 and the association constants were obtained from the solubility equilibrium analysis. The linear relationship between the association constant and the acid dissociation constant of the modifiers was confirmed. Many other metal chelates can probably associate with the modifiers used in this study. The addition of these modifiers can be expected to enhance greatly the solubility of various metal chelates in SC-CO2 and to overcome the disadvantage of the low solubility of a solute in SC-CO2. 
